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The Sub-Antarctic Zone (SAZ) in the Southern Ocean provides a significant sink for atmospheric 
CO2 and quantification of this sink is therefore important in models of climate change. During the 
SAZ-Sense (Sub-Antarctic Sensitivity to Environmental Change) survey conducted during austral 
summer 2007, we examined CO2 sequestration through measurement of gross primary production 
rates using 14C.  Sampling was conducted in the SAZ to the south-west and south-east of Tasmania, 
and in the Polar Frontal Zone (PFZ) directly south of Tasmania. Despite higher chlorophyll biomass 
off the south-east of Tasmania, production measurements were similar to the south-west with rates 
of 986.2 ± 500.4 and 1304.3 ± 300.1 mg C m-2 d-1, respectively. Assimilation numbers suggested 
the onset of cell senescence by the time of sampling in the south-east, with healthy phytoplankton 
populations to the south-west sampled three week earlier. Production in the PFZ (475.4 ± 168.7 mg 
C m-2 d-1) was lower than the SAZ, though not significantly. The PFZ was characterised by a 
defined deep chlorophyll maximum near the euphotic depth (75 m) with low production due to 
significant light limitation. A healthy and less light-limited phytoplankton population occupied the 
mixed layer of the PFZ, allowing more notable production there despite lower chlorophyll. A 
hypothesis that iron availability would enhance gross primary production in the SAZ was not 
supported due to the seasonal effect that masked possible responses. However, highest production 
(2572.5 mg C m-2 d-1) was measured nearby in the Sub-Tropical Zone off south-east Tasmania in a 
region where iron was likely to be non-limiting (Bowie et al., 2009).  
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1. Introduction 
The Southern Ocean plays a significant role in global climate by acting as both a source and sink for 
atmospheric CO2 depending on region and season (Poisson et al., 1993; Sabine et al., 2004). The 
region south of the Polar Frontal Zone (PFZ) is considered a carbon source due to the upwelling of 
nutrient-rich Circumpolar Deep Water at the Antarctic Convergence. Upwelling is caused through 
westerly winds that dominate the Southern Ocean, which cause surface waters to move northward 
due to Ekman transport. The northward moving waters are cold and dense, and subsequently sink to 
form Antarctic Intermediate Water (Lumpkin and Speer, 2007). A proportion also reaches the more 
northerly Sub-Antarctic Front (SAF) where it sinks to form Sub-Antarctic Mode water. These 
sinking waters take up large amounts of CO2 at the surface due to high gas transfer associated with 
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fast wind speeds, combined with low initial carbon content of the seawater (Sabine et al., 2004; 
Takahashi et al., 2009). The Sub-Antarctic Zone (SAZ) in proximity to the SAF, is considered to be 
an efficient region for carbon sequestration (Metzl et al., 1999; McNeil et al., 2001). The PFZ may 
also act as a CO2 sink, although there is high variability and sequestration is not as pronounced as in 
the SAZ (Poisson et al., 1993). 
 
Overlying these physical circulation patterns are those of the biological system that are affected by 
seasonal change (Chisholm, 2000). Sequestration of carbon from the atmosphere depends primarily 
on initial fixation rates during photosynthesis (Griffiths et al., 1999; Sedwick et al., 2002; 
Westwood et al., 2010), with subsequent carbon transfer to the deep ocean dependent on biological 
recycling, remineralisation rates (Cardinal et al., 2005b), and the sinking/export rates of organic 
matter (Cardinal et al., 2001; Trull et al., 2001a; Richardson and Jackson, 2007). Optimal gross 
primary production generally occurs during spring and early summer, following the replenishment 
of nutrients to surface waters over winter, and coinciding with high light availability and the onset 
of stratification (Bradford-Grieve et al., 1997; Boyd et al., 1999; Lourey and Trull, 2001; Hiscock et 
al., 2003). The biological system can be directly influenced by the physical system, e.g. through 
vertical mixing that affects light and nutrient availability (Marra 1980; Mitchell et al., 1991; Nelson 
and Smith, 1991; Franck et al., 2000). In the SAZ, mixed layer depths are > 400 m during winter 
and shoal to 75-100 m during summer (Rintoul and Trull, 2001). However, summer mixed layers 
may still be deep enough for phytoplankton cells to be circulated below the euphotic zone.  
 
There are strong gradients of silicate and nitrate from south to north in the Southern Ocean, with 
limiting silicate concentrations common in the SAZ throughout the year (Dugdale et al., 1995; Trull 
et al., 2001b; Cardinal et al., 2005a). Nitrate concentrations are generally higher than silicate, with 
non-limitation previously demonstrated during summer (Sedwick et al., 2002). Possible reasons for 
high silicate depletion relative to nitrate include less efficient remineralisation (Cardinal et al., 
2005a), or high silicate:nitrate uptake by phytoplankton due to iron limitation (Franck et al., 2000; 
Watson et al., 2000; Hutchins et al., 2001). In the PFZ, silicate and nitrate concentrations are higher 
than the SAZ at the start of the growth season due to the presence of upwelled nutrient-rich 
Circumpolar Deep Water (Franck et al., 2000). However, biological activity may deplete silicate 
resources by early to late summer (Hiscock et al., 2003).  
 
Whilst silicate availability may control the growth of diatoms and silicoflagellates that require this 
nutrient, the availability of iron may be more important for other phytoplankton groups in the 
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Southern Ocean (Trull et al., 2001b). Iron is mainly derived from continental sources (e.g. through 
run-off and/or dust inputs) with limitation likely in regions such as the SAZ and PFZ zones which 
are remote from land masses (Martin , 1990; Blain , 2007). Other less well-defined 
sources of iron may be through upwelling or lateral advection (de Baar et al., 1999; Hiscock et al., 
2003; Martin et al., 1990; Bowie et al., 2009). The stimulation of phytoplankton production with 
iron additions has previously been demonstrated in the SAZ and PFZ zones during both spring and 
summer (Gervais et al., 2002; Sedwick et al., 2002). Low iron combined with low silicate 
availability in the SAZ has been shown to favour the growth of non-silicious, iron-efficient 
phytoplankton species such as eukaryotic picoplankton and cyanobacteria (Hutchins et al., 2001). 
Light availability may also influence the extent of iron limitation with light-limited more affected 
than light-saturated populations (Hiscock et al., 2008). In the Subtropical Zone (STZ) to the north of 
the SAZ, iron limitation may be less severe given that these waters are close to continental land 
masses and mixed layer depths are shallow, allowing high light availability (Sedwick et al., 1999).  
 
The SAZ-Sense survey was conducted in January-February 2007 to characterise key components 
and processes of planktonic ecosystems in the Southern Ocean, their influence on CO2 exchange 
with the atmosphere and deep ocean, and their sensitivity to anthropogenic CO2 emissions and 
associated climate change. One of the main predictions from climate change models is for a 
reduction in global overturning circulation and therefore a decrease in the uptake of CO2 in the SAZ 
(Sarmiento and LeQuere, 1996; Matear and Hirst, 1999). However, the relative contributions of 
physical versus biological processes of CO2 removal in this region are currently unclear (Trull et al., 
2001c). Fundamental to this understanding is the measurement of gross primary production and the 
factors responsible for its control. The SAZ region south of Tasmania, Australia, provides an ideal 
site to examine the effects of iron availability in particular. Examination of SeaWiFS and MODIS 
data over the past decade has shown an increase in surface chlorophyll to the south-east of 
Tasmania, whereas no similar increase has occurred to the south-west. A current theory for this 
difference is that iron availability to the south-east has increased due to a southward shift in the 
prevailing westerly winds (Lyne et al., 2005). This may increase dust inputs from the continent 
(Mahowald et al., 1999; Jickells et al., 2005), as well as to intensify eddies from the East Australian 
Current (EAC) that may penetrate the SAZ (Clementson et al., 1998; Ridgway, 2007). Variability of 
iron availability in surface waters has previously been related to mesoscale eddy activity (Measures 
and Vink, 2001). The aim of this study was therefore to compare gross primary production rates and 
photosynthetic parameters in the SAZ to the south-east and south-west of Tasmania in relation to 
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iron availability in particular, and to contrast this with production rates in the PFZ where CO2 
sequestration is variable (Poisson et al., 1993). Results are discussed within the context of light and 
macronutrient availability which may also play an important role in the control of production.  
  
2. Materials and Methods 
2.1 Survey Area 
The survey was conducted south of Tasmania, Australia, during austral summer from 19th January 
to 19th February, 2007. It consisted of three process stations (occupied for 6-7 days) connected by 
two transects (south-west and south-east) conducted between approximately 43.5 and 54.1 °S 
latitude (Fig. 1). The south-west transect was located between 140.6 and 146.3 °E longitude 
(stations 2 to 48). The south-east transect was located between 146.3 and 153.3 °E longitude 




Process Stations were conducted at three locations in the survey area whereby the ship remained on 
station with repeated sampling of the same water mass as far as possible. Process Station 1 (P1) was 
located on the south-west transect at approximately 46.3 °S, 140.6 °E and was within the SAZ 
south-west of Tasmania (Fig. 1). Process Station 2 (P2) was located directly to the south of 
Tasmania at approximately 54.1 °S, 146.3 °E within the Inter-Polar Frontal Zone (IPFZ). Process 
Station 3 (P3) was located on the south-east transect at approximately 45.5 °S, 153.2 °E, within the 
SAZ but close to the Sub-Tropical Front (STF) south-east of Tasmania (see also Bowie et al., this 
issue). 
 
All Conductivity-Temperature-Depth (CTD) casts were conducted using SeaBird SBE9plus 
instrumentation and 22 x 10 L General Oceanics Niskin bottles mounted on a SeaBird rosette. 
Additional probes attached to the rosette included a fluorometer (Wet Labs ECO), photosynthetic 
active radiation (PAR) sensor (LI-COR), transmissometer (Wet Labs C-star), three altimeters 
(TriTech 200 kHz, TriTech 500 kHz, Benthos model 2110), and an LADCP with upward-and 
downward-looking transducer sets. Incoming PAR was also measured continually from both port 
and starboard sides of the ship using LI-COR sensors. Water from Niskin bottles was sampled for 
dissolved oxygen, nitrate, nitrite, ammonium, phosphate, silicate, dissolved inorganic carbon, 
primary production, pulse-amplitude-modulated fluorometry, HPLC pigments and microbial 
abundance. A separate trace-metal clean rosette of 12 x 5 L Niskin bottles was also deployed at 
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regular intervals for sampling of iron down to 1000 m (see Ellwood et al., 2008 and Bowie et al., 
2009).  
 
2.2 Primary Production Measurements 
Primary production incubations were conducted every second to third CTD station on transect and 
at least twice at all process stations. Six depths were sampled per station ranging from the surface to 
125 m. Sample depths were based on downward fluorescence profiles and two of six samples 
always included both the surface (approximately 10 m) and the depth of the chlorophyll maximum. 
For sampling, 400 ml water was removed from appropriate Niskin bottles and stored in darkened 
polycarbonate jars in a sea-water cooled insulated container, until the commencement of 
incubations. 
 
Incubations were conducted according to the method of Griffiths et al. (1999, see also Westwood et 
al., 2010), based on the small bottle 14C technique of Lewis and Smith (1983). 6.327 x 106 Bq 
(0.171 mCi) NaH14CO3 were added to 162 ml of sample to produce a working solution of 39.183 x 
103 Bq per ml (1.1 μC ml-1). Seven ml aliquots of working solution were then added to transparent 
glass scintillation vials and incubated for 1 hour at 21 light intensities ranging from 0 to 416 μmol 
m-2 s-1 (CT Blue filter centred on 435 nm). The temperature of the light incubator was controlled by 
water-baths set to within ± 0.1°C of in situ values. After 1 hour, 250 L of 6 M HCl was added to 
each vial and they were then agitated for 3 hours to ensure that all inorganic carbon was removed. 
Gaseous 14CO2 was trapped in Carbosorb cartridges after being pumped through silica gel to ensure 
the air was dry. For radioactive counts, 10 ml Aquasure scintillation fluid was added to each vial 
and shaken. Samples were then counted using a Packard TriCarb 2900 TR scintillation counter with 
the maximum counting time set at 5 min. In addition, Time 0 counts were taken to determine 
background radiation and 100% counts were used to determine the specific activity of the working 
solution. For Time 0 counts, 7 ml aliquots of working solution were subjected to acid addition 
without any exposure to light, and counted after shaking for 3 hours. For 100%’s, 100 μL of 
working solution from each depth was added to 7 ml NaOH (0.1 M) and immediately counted 
following the addition of scintillation fluid.  
 
Carbon uptake rates were corrected for in situ chlorophyll a concentrations measured using HPLC 
analysis (Wright et al., 2010) and for total dissolved inorganic carbon availability analysed using 
coulometric procedures (Johnson et al., 1998). Photosynthesis-irradiance (P-I) relationships were 
then plotted and the equation of Platt et al. (1980) was used to fit curves to data using least squares 
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non-linear regression. Photosynthetic parameters determined included light-saturated photosynthetic 
rate [Pmax, mg C (mg chl a)-1 h-1], initial slope of the light-limited section of the P-I curve [, mg C 
(mg chl a)-1 h-1 (μmol m-2 s-1)-1], light intensity at which carbon-uptake became maximal (calculated 
as Pmax/  = Ek, μmol m-2 s-1), intercept of the P-I curve with the carbon uptake axis [c, mg C (mg 
chl a)-1 h-1] , and the rate of photoinhibition where applicable [, mg C (mg chl a)-1 h-1 (μmol m-2 s-
1)-1].  
 
2.3 Production Modelling 
For modelling of primary production, 1 m depth interval profiles of chlorophyll a from the surface 
to 150 m were constructed. This was achieved by the conversion of up-cast fluorometry data 
measured at each CTD station. For conversions, fluorometry burst data from six to twelve depths 
were linearly regressed against in situ chlorophyll a concentrations measured at the same depths, as 
determined using HPLC analysis (de Salas et al., this issue). The linear regression coefficients 
established for each station were then used to convert the remaining fluorometry data to chlorophyll 
a concentrations. In some cases the relationship between fluorescence and chlorophyll a was non-
linear (e.g. midday non-photochemical quenching in near-surface samples or high biomass). For 
these stations, chlorophyll a was linearly interpolated between measured values. This method 
provided a lower resolution of chlorophyll a in the water-column, but a comparison using stations 
that had a significant relationship between fluorescence and chlorophyll a showed that the 
maximum variation was less than 10%. 
 
Gross daily depth-integrated water-column production was calculated using chlorophyll a depth 
profiles, photosynthetic parameters (Pmax,  , ), 10 minute-averaged incoming PAR, vertical light 
attenuation (Kd) and mixed layer depth. Vertical light attenuation for each station was calculated 
through linear regression of natural logarithm-transformed PAR data with depth. In cases where 
CTD stations were conducted at night, Kd was calculated from a linear relationship established 
between chlorophyll a concentrations and Kd’s determined at CTD stations conducted during the 
day (Kd = 0.09639 * (0-60 m average chlorophyll a) + 0.02212, n = 19, r2 = 0.749, P =<0.001). 
Production was modelled using incoming PAR rather than climatological PAR so that results from 
other studies (e.g. fluorometry) could be related to short-term light history. However, a comparison 
with production calculated using climatological PAR showed that calculations were not highly 
affected as phytoplankton in the upper 40 m were generally light saturated and at deeper depths the 
differences in incoming PAR were smoothed due to light attenuation.
 
 8
2.4 Statistical Analysis 
Statistical analysis was conducted using SYSTAT 8.0. Data were analysed using one-way 
ANOVAs after checking for normal distributions. A probability < 0.05 was accepted as significant 
and the Tukeys test used for post-hoc analysis.  
 
3. Results 
In the Australian sector of the Southern Ocean the Polar Front (PF) divides into northern (PF-N, 
Fig. 1) and southern (PF-S) branches (Rintoul and Bullister, 1999; Trull et al., 2001b). The zone 
between the two branches is defined as the IPFZ, with the PFZ to the north of the PF-N but south of 
the closely aligned SAF. For the purposes of the results the IPFZ is grouped with the PFZ. The SAZ 
occurs between the SAF and STF, with the STZ to the north of the STF. The STF is defined as the 
region where the water temperature is > 11°C at 150 m depth (Nagata et al., 1988), and the northern 
limit of the PF where temperature is < 2 °C at 200 m (Sokolov and Rintoul, 2002). During SAZ-
Sense, primary production stations were located within each of these zones (Fig. 1 and 2, see also 
Bowie et al., this issue). The SAZ was divided into north (SAZ-N) and south (SAZ-S) regions based 
on temperature-salinity characteristics (Fig. 2). SAZ-S is characterised by cooler, fresher, more 
nutrient-rich and more deeply mixed water than SAZ-N, and is bounded below by a halocline rather 
than a seasonal thermocline (Rintoul and Trull, 2001). CTD 63 was located within a meander of the 
PFZ (Fig. 1 and 2) with water warmer and more saline than the PFZ, but colder and less saline than 
the SAZ. The meander was caused by an intrusion of SAZ water to the south-east of this site 
(Bowie et al., this issue). Temperature-salinity characteristics of CTDs sampled within each process 
station were similar (Fig. 2), demonstrating that the samples were from the same water mass for 
each region. At P3 to the south-east, sites were likely to be influenced by sub-tropical water and 
mesoscale eddies from the EAC (Bowie et al., this issue, Fig. 1). The EAC was not present at P1 to 
the south-west, but this region was in proximity to the Leeuwin Current that occurs off the west 
coast of Tasmania (Bowie et al., this issue, Fig. 1). Trajectory data from an Argos float released at 
P1 during the voyage (http://www.marine.csiro.au/~gronell/ArgoRT/, see WMO Float ID 5901187) 
also showed that there was a westward flow between the continental shelf south of Tasmania and 
the northern end of South Tasman Rise (Fig. 1). These water masses may therefore have had some 







3.1 Light Availability  
Mixed layer depths were based on a density change of 0.05 kg m-3 at depth compared to near-
surface (10 m, Rintoul and Trull, 2001) and ranged from 15 to 112 m (Table 1). Average mixed 
layer depths at P1, P2 and P3 corresponded to 38 ± 11, 50 ± 1 and 17 ± 1 m, respectively. In the 
vicinity of  P3/STF the oceanography was complex (Bowie et al., this issue) and Brunt-Väisälä 
calculations showed there was a secondary deeper mixed layer (62-90 m, Table 1) at this location 
(CTDs 73 to 95). Also, CTDs 106 and 107 in the STZ had secondary mixed layers of 34 and 100 m, 
respectively. Mixed layer depths in the STZ (average = 24 ± 4 m) were shallower than in the SAZ 
(average = 42 ± 24 m) and PFZ zones (average = 55 ± 8 m). At Station 63 within the meander of the 




Daily incoming irradiance (PAR) at the surface ranged from 13.1 to 44.6 mol m-2 d-1 across the 
survey area (Table 1). Low light doses (< 15.1 mol m-2 d-1) occurred at CTDs 35, 48 and 63 (Table 
1). Intermediate light doses (< 23.8 mol m-2 d-1) occurred to the north of the STF on the eastern 
transect (CTDs 87, 88, 91) as well as at CTDs 5 and 83. Highest light doses (> 39.5 mol m-2 d-1) 
occurred at CTDs 70 and 72 due to clear skies. Average incoming PAR at P1, P2 and P3 
corresponded to 36.2 ± 0.8, 23.1 ± 14.1 and 24.6 ± 7.8 mol m-2 d-1, respectively. Therefore, light 
availability at P1 was significantly higher than at P2 and P3. PAR distribution at depth across the 
survey area was dependent on surface incoming PAR as well as Kd and was variable (Fig. 3). There 
were no significant differences in PAR between transects or oceanographic zones (P > 0.05), 
indicating the absence of seasonal or latitudinal effects on light availability.  
 
Vertical light attenuation (Kd) in the survey area ranged from 0.051 to 0.173 m-1, corresponding to 
euphotic depths (Zeu) of 90 to 27 m (Table 1, Fig. 3). At P1, Zeu averaged 61.2 ± 5.3 m. At P2 and 
P3, Zeu averaged 75.7 ± 13.8 and 40.4 ± 4.9 m, respectively. Highest Kd values, and therefore 
shallowest euphotic depths, occurred consistently in the vicinity of P3 on the eastern transect within 
the SAZ-N and STF zones (Fig. 3). Kd values were significantly related to column integrated 
chlorophyll values (P = 0.0003, Pearson correlation coefficient = -0.67, Table 1).  
 
In general, mixed layer (Zm) depths were shallower than Zeu with positive Zeu-Zm values indicating 
favourable light availability for primary production (Table 1, Fig. 3). The exceptions were CTDs 70 
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and 72 in the SAZ-N where the euphotic depths were 48 and 25 m shallower than the mixed depths, 
respectively (Fig. 3). In addition, for CTD 63 within the meander of the PFZ, there was active deep 
mixing down to 112 m with Zeu at 90 m (22 m shallower). At CTDs 35, 68, and 91 Zeu and Zm were 
similar with less than 8 m difference. Along the first section of the western transect (CTDs 2,5, and 
6) Zeu-Zm values were extremely high (>46 m) indicating that light availability at the time of 
sampling was highly favourable for growth within the mixed layer in this region (Fig. 3). Zeu-Zm 
values at P1, P2 and P3 were similar and corresponded to 23 ± 13, 26 ± 15 and 24 ± 4 m, 
respectively. 
 
3.2 Nutrient Availability 
 Bowie et al. (2009) and Lannuzel et al. (this issue) provide detailed information on iron availability 
and sources during SAZ-Sense. Atmospheric sources were measured at all process stations with 
similar concentrations off the south-east and south-west of Tasmania in the SAZ, and lower 
concentrations in the PFZ remote from land masses (Lannuzel et al., this issue). At P3 in the SAZ 
there was an intrusion of subtropical water and eddies from the East Australian Current (EAC) that 
were iron enriched through lateral advection from continental shelf sediments and from dust inputs 
further north (Bowie et al., 2009). The EAC was not present at P1 in the SAZ to the south-west of 
Tasmania and dissolved iron concentrations were less, as expected (Bowie et al., 2009). Overall, 
dissolved iron (dFe) concentrations down to 300 m ranged from 0.09 to 1.07 nM throughout the 
survey area (Bowie et al., 2009), with average concentrations in the mixed layer at P1, P2 and P3 
corresponding to 0.27 ± 0.04, 0.21 ± 0.01 and 0.44 ± 0.07 nM, respectively. Concentrations of dFe 
below the mixed layer at P1, P2 and P3 corresponded to 0.25 ± 0.05, 0.30 ± 0.07 and 0.34 ± 0.05 
nM, with concentrations in the SAZ therefore lower below the mixed layer compared to surface 
waters. In the PFZ there was a ferricline located at 150-200 m with concentrations below the mixed 
layer higher than surface waters (Bowie et al., 2009; Lannuzel et al., this issue). 
 
A detailed analysis of macronutrient availability within the SAZ-Sense region is provided in Bowie 
et al. (this issue). In general, silicate, nitrate and phosphate increased southward and with depth 
from the STZ to the PFZ. For production stations sampled at P1, the average silicate concentration 
within the mixed layer was 0.17 ± 0.06 μM. At P2 and P3 average concentrations were 0.55 ± 0.07 
and 0.65 ± 0.07 μM, respectively. Average nitrate concentrations within the mixed layer at P1, P2 
and P3 were 4.8 ± 0.1, 24.8 ± 0.3 and 3.2 ± 0.2 μM, respectively. Average phosphate concentrations 
were 0.4 ± 0.04, 1.6 ± 0.03 and 0.4 ± 0.01 μM. The macronutrient data suggests that silicate was 
highly limiting (< 5 μM, Nelson and Tréguer, 1992; Franck et al., 2000) to diatom and/or 
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silicoflagellate growth at all sites within the mixed layer at the time of sampling. For other 
phytoplankton groups, nitrate was possibly limiting at P3. 
 
Macronutrient concentrations below the mixed layer were higher than surface waters (Bowie et al., 
this issue) suggesting that silicate limitation for diatoms/silicoflagellates was less at depth. 
However, in the STZ and SAZ zones, non-limiting silicate concentrations occurred at depths > 150 
m which was well below the euphotic zone. In the PFZ zone (CTDs 39, 48 and 60), non-limiting 
silicate concentrations occurred just below the euphotic zone (depth 65 to 85 m), with 





3.3 Photosynthetic Parameters 
The photosynthetic characteristics of phytoplankton populations were largely influenced by mixed 
layer depths within the survey area (Table 2). Pmax, Ek  and  values were generally constant within 
the mixed layer, with Pmax and Ek decreasing below the mixed layer and  increasing due to low 
light adaptation (Table 2). At CTD 63 within the Polar Front meander there was little difference in 
Pmax or Ek between the surface and 100 m (Table 2). Ek ranged from only 32.8 to 45.5 μmol m-2 s-1 
throughout the water column reflecting the low average irradiance experienced by the deeply 
circulating cells (to 112 m). The relationship between mixed layer depths and photosynthetic 
characteristics at most stations suggests that mixing had occurred rapidly enough, and for a period 
long enough prior to sampling for the cells to adapt to the prevailing light. Photoinhibition of Pmax 
was generally not detected, with the exception of deep populations at CTDs 12, 68 and 75 (Table 2). 
However, the maximum light intensity that phytoplankton populations were exposed to during 14C 
incubations was only 416 μmol m-2 s-1. Incoming light intensities may be significantly higher in situ 
and cause an effect on near-surface production (see Doblin et al., this issue). Although 
photoinhibition was generally not detected, there was saturation of photosynthesis at all sites and 
depths allowing accurate measurements of Pmax. 
 
3.4 Primary Production Vertical Profiles 
Primary production at discrete depths ranged from 64.7 mg C m-3 d-1 in near-surface waters, down 
to 0 mg C m-3 d-1 at 150 m (Fig. 4). Integrated production (mg C m-2 d-1) was generally higher 
within the mixed layer compared to below the mixed layer (Table 1). The exceptions were CTDs 
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106 and 107 where higher primary production rates below the mixed layer were directly related to 
higher chlorophyll concentrations (Fig. 4 and 5). In addition, for CTDs 2, 5, 6, 10, 73, 75 and 77 
there were intermediate rates of integrated production in the surface layers (Table 1), but the large 
depths of integration of chlorophyll below the mixed layer (from relatively shallow mixed layers 








At stations 39 and 48 (PFZ/P2), 83 (SAZ-N), and 87, 88 and 91 (STZ), there were significantly 
higher chlorophyll concentrations below the mixed layer compared to the mixed layer (Fig. 5), 
however this was not reflected in the production rates (Fig. 4). At stations 39 and 48 (P2), low 
production below the mixed layer (49-51 m, Fig. 4) was related to very low light at the depth of the 
deep chlorophyll maximum (approx. 75 m, Fig. 3 and 5). For CTDs 83 to 88, cells may have been 
senescent below the mixed layer with assimilation numbers of only 2.8-6.0 mg C mg chl a-1 d-1 
(Fig. 6). At CTD 91 within the STZ, there was high chlorophyll biomass within the mixed layer that 
shaded populations below (as indicated by a high Kd and a low Ek value), resulting in light 
limitation of production at the chlorophyll maximum below the mixed layer (Fig. 3 and 5). 
However, assimilation numbers above the mixed layer (up to 46.0 mg C mg chl a-1 d-1) were high at 
CTD 91 indicating that cells within the mixed layer were very healthy at this site at the time of 
sampling (Fig. 6). Primary production at CTD 91 was the highest of any site with an integrated 
value of 2572.5 mg C m-2 d-1. Both Pmax and  values were elevated, ranging to 6.7 mg C (mg chl a)-
1 h-1 and 0.09 mg C (mg chl a)-1 h-1 (μmol m-2 s-1)-1, respectively. 
 
Primary production within the euphotic zone was generally similar to total column-integrated 
production rates (Table 1). This was expected given that little production is able to occur below the 
1% incoming light level due to an insufficient photon flux to drive photosynthetic processes. The 
main exception to this pattern was at CTDs 70 and 91 where production below Zeu was significant 
due to high chlorophyll just below the euphotic depth (Table 1, Fig. 5). The extinction coefficients 
for these sites (Table 1) were also modelled from in situ chlorophyll values as sampling was 
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conducted at night (see Materials and Methods). True euphotic depths for these sites may have been 






Photosynthetic parameters and assimilation numbers within the mixed layer at P1 and P3 in the 
SAZ suggests a discrepancy in cell health between these two sites (Table 3, Fig. 7). Mixed layer 
depths at P3 were shallow, however Pmax and Ek were significantly lower than at P1 where mixing 
was deeper (Table 3). Modelled assimilation numbers that are directly related to Pmax demonstrated 
a similar pattern, with significantly lower values at P3 compared to P1 (Fig. 7). The data suggests 
that cells were less healthy at P3 to the south-east than at P1 to the south-west, with the probable 
onset of senescence at P3. It is unlikely that low Pmax, Ek and assimilation values at P3 were caused 
through photoinhibition given that average incoming irradiance at P3 was significantly lower than 
at P1 (see above) and vertical light attenuation was significantly higher due to higher biomass (see 
above). Sampling at P3 was conducted 3 weeks later than at P1 (Table 1) so that seasonal effects 
were likely to have influenced the results. At the time of sampling, there was high biomass at P3 
(Fig. 7) and nutrients may have become limiting. At P1, high Pmax (4.8 mg C mg chl a-1 h-1, Table 3) 
and assimilation numbers (up to 95 mg C mg chl a-1 d-1, Fig. 7) within the mixed layer indicated 
that phytoplankton populations were very healthy in this region and in a logarithmic growth phase 
(Fig. 6 and 7). Assimilation numbers above and below the euphotic zone at CTD 10 (P1) were the 
highest of any site within the SAZ-Sense survey area. HPLC pigment data also supports the 
suggestion of cell senescence at P3. Phaeophytin a, a chlorophyll degradation pigment produced 
through senescence or grazing (Keely, 2006), was frequently > 0.1 μg l-1 below the mixed layer at 
P3, but generally <0.04 μg l-1 or undetectable at P1. Chlorophyllide a, a chlorophyll degradation 
product of senescent diatoms (Jeffrey and Hallegraeff, 1987) was virtually absent at P1 and P3 
(average Chlorophyllide: Chl a ratio of 0.001%), but this was likely due to very low concentrations 
of diatoms in the SAZ rather than a lack of senescence. 
 
At P2 in the PFZ assimilation numbers suggest the possibility of three distinct phytoplankton 
populations (Fig. 6 and 7). In this region there was a defined deep chlorophyll maximum at the 
euphotic depth (75 m, Fig. 7) which was below the mixed layer (49-51 m). However, cells at this 
depth had very low assimilation numbers (0.83-5.10 mg C mg chl a-1 d-1, Fig. 6 and 7) due to high 
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light limitation (Fig. 3). In contrast, populations within the upper 30 m at P2 were very healthy with 
assimilation numbers ranging to as high as 75 mg C mg chl a-1 d-1 (Fig. 6 and 7). However, at the 
surface (6m), assimilation numbers were significantly lower than the rest of the mixed layer with 
values around 23 mg C mg chl a-1 d-1 (Fig. 7). HPLC pigment data confirmed vertically distinct 
populations with diatoms containing chlorophylls c2 + c3 at depth, diatoms containing chlorophylls 
c1 + c2 within the mixed layer, and dinoflagellates and haptophytes at the surface (de Salas et al.,
this issue). 
 
3.5 Column-Integrated Chlorophyll and Primary Production 
Column-integrated chlorophyll a values ranged from 19.2 to 120.0 mg m-2 (Table 1). Average 
values at P1, P2 and P3 corresponded to 46.0 ± 11.5, 58.8 ± 2.9 and 73.9 ± 4.0 mg m-2, respectively. 
Average chlorophyll at P3 to the south-east was higher than P1 to the south-west, though not 
significantly due to the low sample number for each site (P = 0.56, F-ratio = 6.47, n = 7). There 
were no significant differences between oceanographic zones (P = 0.88, F-ratio = 0.29, n = 8). 
 
Column-integrated primary production rates ranged from 271.8 to 2572.5 mg C m-2 d-1 (Fig. 8). 
There were no significant differences in primary production between P1, P2 and P3 (P = 0.13, F-
ratio = 3.61, n = 7) with averages corresponding to 1304.3 ± 300.1, 475.4 ± 168.7 and 986.2 ± 500.4 
mg C m-2 d-1, respectively. In contrast to chlorophyll, integrated primary production at P3 to the 
south-east of Tasmania was lower rather than higher than that to the south-west. Lower production 
at P3 compared to P1 was mainly due to significantly lower assimilation numbers (see above) 
associated with the onset of phytoplankton senescence (Fig. 6 and 7). In addition, average incoming 
daily PAR at P3 was only 24.6 ± 7.8 mol m-2 d-1 compared to 36.2 ± 0.8 mol m-2 d-1 at P1, further 
restricting potential production (see above). There was no significant difference in production 





4.1 Process Stations 1 and 3 (SAZ) 
Iron availability in the SAZ to the south-east of Tasmania (P3) was higher than the P1 region to the 
south-west (Bowie et al., 2009; Lannuzel et al., this issue), yet primary production during the SAZ-
Sense survey was similar at both sites. This suggested that iron availability may not have had a 
direct effect on primary production in the SAZ. However, high chlorophyll concentrations, low 
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assimilation numbers, and the presence of Phaeophytin a at P3 suggested that there had been 
increased primary production at some time previous to sampling at this location and that 
phytoplankton populations were becoming senescent. Biomass at P3 may have been even higher 
prior to sampling given that heterotrophic dinoflagellate and microzooplankton abundances were 
significant (de Salas et al., this issue; Pearce et al., this issue), and herbivory rates were high (Pearce 
et al., this issue). In addition, there was a significant abundance of cyanobacteria at P3 (Evans et al.,
this issue) which are small cells that may easily be grazed. The dominance of nano- and pico-
plankton north of the PFZ has been previously documented (Brown and Landry, 2001; Kopczynska 
et al., 2001), and Banse (1996) showed that a close balance between production and grazing can 
lead to reduced seasonality in chlorophyll in this region.  
 
Populations at P1 to the south-west of Tasmania were sampled three weeks earlier than at P3 and 
had significantly higher assimilation numbers. This indicated that the phytoplankton cells at P1 
were healthier than at P3, allowing higher production rates despite less biomass. Significantly more 
PAR at P1 compared to P3 further enhanced production in this region. It was expected that 
production rates at P1 would be limited by iron availability given that this region was not influenced 
by iron-enriched subtropical waters associated with the East Australian Current, as occurred at P3 
(Bowie et al., 2009). We speculate that a westward flow to the south of Tasmania (see results) may 
have advected some iron from the continental shelf and South Tasman Rise. The Leeuwin Current 
off the west coast of Tasmania may also have had some influence. On a previous cruise, Sedwick et 
al. (1997) measured elevated dissolved iron associated with shelf sediments off west Tasmania, and 
found evidence of shelf-derived particulate iron in the vicinity of the P1 region. The phytoplankton 
population at P1 also consisted of a large abundance (>90%) of nanoflagellates (de Salas et al., this 
issue) which may have had a high affinity for iron due to their small cell size (Sunda and Huntsman, 
1997). 
 
4.2 Process Station 2(PFZ/IPFZ) 
Column-integrated primary production in the PFZ (P2) was lower (475 mg C m-2 d-1) than in the 
SAZ (1304 and 986 mg C m-2 d-1), though not significantly due to a low sample number. These 
results are broadly in line with Lourey and Trull (2001) who showed that production (based on 
nitrate depletion) in the PFZ was approximately half that found in the SAZ. Bowie et al. (1999) also 
determined production rates of 409-446 mg C m-2 d-1 in the PFZ during late spring, whereas rates in 
the SAZ were 620-1112 and 978-1418 mg C m-2 d-1 to the south-west and south-east of Tasmania, 
respectively. Production rates measured in the PFZ were within the range of other studies during 
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austral summer. For example, Bracher et al. (1999) measured rates of 300-930 mg C m-2 d-1 in the 
Atlantic sector, and Hiscock et al. (2003) a rate of 252 mg C m-2 d-1 in the Pacific sector. P2 was 
characterised by strongest iron limitation, with a ferricline at 150-200 m (Bowie et al., 2009; 
Lannuzel et al., this issue), much deeper than the deep chlorophyll maximum (DCM) at 75 m (de 
Salas et al., this issue). Low production rates in the PFZ compared to the SAZ may have been a 
direct result of less iron availability. Silicate availability was also highly likely to control 
phytoplankton biomass in the PFZ given that the DCM was dominated by diatoms such as 
Trichotoxon reinboldii, Proboscia inermis, Dactyliosolen antarcticus and Fragilariopsis 
kergulensis (60% carbon biovolume, de Salas et al., this issue). Draw-down of silicate through 
diatom growth was evident, with limiting concentrations in surface waters and non-limiting 
concentrations just below the DCM and euphotic zone. Unpublished data from underway surface 
nutrient sampling on a repeat transect between Tasmania and Antarctica showed that silicate 
concentrations at the start of the growth season in 2006 (October/November) were > 10 μM (B. 
Griffiths and B. Tilbrook, personal communication). This was rapidly drawn down to 1-4 μM by 
the time of the SAZ-Sense survey in January/February 2007. 
 
The presence of a persistent DCM from spring to autumn in the PFZ has been documented in 
previous studies (Griffiths et al., 1999; Popp et al., 1999; Parslow et al., 2001). During spring and 
early summer, the DCM is shallow, intense and productive, but by late summer it is deeper (> 
100m), less intense and less productive (Parslow et al., 2001). During SAZ-Sense, the DCM 
(sampled during mid-summer) was at the 1% PAR euphotic depth below the mixed layer, and 
therefore no longer productive due to high light limitation. The mechanism for the formation of the 
DCM is unclear, but Parslow et al. (2001) suggested that it may partially be due to increased 
chlorophyll per cell rather than a carbon biomass feature, caused through light limitation. It is also 
thought to be due to increased sinking rates of diatoms under silicate and iron limitation in surface 
waters, and reduced sinking rates under non-limitation at depth (Parslow et al., 2001). This was 
supported by the SAZ-Sense data given that the DCM occurred at the transition zone between 
limiting and non-limiting silicate concentrations, although the ferricline was significantly deeper. 
Quéguiner (2001) previously showed that deep populations in the PFZ were silicate-replete, 
whereas surface populations were silicate-limited.  
 
In the surface layer at P2, assimilation numbers indicated that phytoplankton cells were very 
healthy, allowing notable production there despite low chlorophyll. Given that assimilation numbers 
were disproportionately higher compared to the DCM, we speculate that the surface population was 
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different from the DCM, particularly given that the DCM was below the mixed layer. This 
suggestion is supported by de Salas et al. (this issue) who showed through multidimensional scaling 
and cluster analysis that phytoplankton populations were taxonomically distinct when comparing 
samples above and below the mixed layer, a conclusion supported by the vertical differentiation of 
HPLC pigments (see results). At 20-30 m in the mixed layer, where assimilation numbers were as 
high as 75 mg C mg chl a-1 d-1, there was a high abundance and carbon biovolume of 
nanoflagellates, as well as autotrophic dinoflagellates. These groups do not require silicate for 
growth and were likely to contribute to efficient photosynthesis in the surface layer at P2. 
Interestingly, at CTD 39 (P2) assimilation numbers measured at 6 m were significantly lower than 
the rest of the mixed layer (Fig. 7) and it possible that cells were photoinhibited. Pigment data and 
cell counts also showed that there was a high abundance of heterotrophic dinoflagellates at 6 m (de 
Salas et al., this issue), though this would not necessarily influence the photosynthesis of 
autotrophic cells. 
 
4.3 Sub-Tropical Zone 
Highest production within the SAZ-Sense survey area was measured in the STZ, at CTD 91 to the 
south-east of Tasmania (2572.5 mg C m-2 d-1). Chlorophyll biomass was very high in this region, 
and in contrast to the south-east SAZ, the phytoplankton cells were healthy rather than senescent. 
This combination of factors allowed high production at CTD 91 despite a low incoming irradiance 
of only 22 mol m-2 d-1. The STZ to the south-east of Tasmania was in closest proximity to land 
masses, as well as eddies from the EAC. Accordingly, Bowie et al. (2009) calculated that this 
region was iron replete, with the localised area surrounding CTD 91 (45oS) having the highest 
concentrations (0.62 nmol dFe L-1 in surface waters, Bowie et al., 2009). It is likely that iron 
availability stimulated primary production at this location, however low silicate values meant that 
much of the primary production was due to non-diatoms (de Salas et al., this issue). Elevated Pmax 
and  values at CTD 91 suggested that these parameters were enhanced through iron availability, 
although there were also high Pmax values in the PFZ where iron limitation was significant (Bowie 
et al., 2009). Kolber et al. (1994) and Lindley et al. (1995) previously showed an increase in Pmax 
with iron enrichment in the equatorial Pacific (IronEx I survey). However, Gervais et al. (2002) 
showed that Pmax,  and Ek did not change significantly with iron enrichment in the Atlantic sector 
of the Southern Ocean (EisenEx survey). Hiscock et al. (2008) showed in the Pacific Sector of the 
Southern Ocean (SOFeX survey) that iron additions affected light-limited rather than light-saturated 
populations with an increase in the maximum quantum yield of photosynthesis (i.e. the conversion 
rate of light to energy), but no accompanying increase in Pmax. High  values at CTD 91 may 
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support this finding, although there was high chlorophyll biomass at this location causing the cells 
to be low light adapted. It is therefore difficult to separate the effects of light and iron availability 
on this parameter. 
 
4.4 Carbon Flow 
Higher gross primary production rates in the SAZ compared to the PFZ suggest that the SAZ may 
be more efficient in the sequestration of carbon with respect to the biological cycle. However, 
fixation of carbon from the atmosphere is the first step in the transfer of carbon to the deep ocean, 
with loss processes such as respiration, recycling within the mixed layer and remineralisation below 
the mixed layer also having an important effect on carbon export (Cardinal et al., 2001, 2005b; 
Trull et al., 2001a; Cassar et al., 2011). Cavagna et al. (this issue) measured gross primary 
production and new production rates in the euphotic layer using 13C during the SAZ-Sense survey. 
Similar to our study, they found higher rates in the SAZ to the south-west of Tasmania compared to 
the south-east, and lower production in the PFZ compared to the SAZ. However, low new 
production values overall (96-324 mg C m-2 d-1, f-ratios  0.3) suggested a low potential for carbon 
export (Cavagna et al., this issue). Jacquet et al. (this issue a) and Jacquet et al. (this issue b) showed 
that carbon export from the upper 100 m and remineralisation efficiencies in the mesopelagic zone 
(100-600 m) varied within the SAZ. Highest export production was measured in the south-west 
SAZ (122 mg C m-2 d-1) and PFZ (94 mg C m-2 d-1) and this was accompanied by lower 
remineralisation rates in the mesopelagic zone (Jacquet et al., this issue a, b). In contrast, the south-
east SAZ had lowest carbon export (49 mg C m-2 d-1) despite highest biomass in surface waters, 
accompanied by highest remineralisation rates (Jacquet et al., this issue a, b see also Ebersbach et 
al., this issue). Low export in the south-east SAZ may be partly explained by high 
microzooplankton grazing rates (Pearce et al., this issue) and high abundances of heterotrophic 
dinoflagellates (de Salas et al., this issue) in surface waters, as discussed above. Overall, the south-
east SAZ was least efficient in the sequestration of carbon to the deep ocean, with 91% of export 
production remineralised in the mesopelagic zone (Jacquet et al., this issue b). The SAZ-west region 
and PFZ zones had remineralisation efficiencies of 21% and 64%, respectively (Jacquet et al., this 
issue b), with the SAZ-West region therefore being the most efficient for carbon transfer. Previous 
studies have found the SAZ to have lower remineralisation rates than the PFZ (Cardinal et al., 2001, 
2005b; Jacquet et al., 2007). 
 
4.5 Production on Transects 
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The absence of obvious patterns in gross primary production within or between oceanographic 
zones (STZ, SAZ, PFZ) during the SAZ-Sense survey, highlights the degree of natural variability 
that occurs in the Southern Ocean and the difficulty of predictions. As a means to improve models 
of climate change, there has been an increased reliance on satellite observations of surface 
chlorophyll in order to gain an integrated representation over various spatial and time-scales. 
However, data from process stations during SAZ-Sense shows that chlorophyll availability does not 
necessarily reflect gross primary production due to cell senescence, and also that significant 
production can occur below the mixed layer where satellites are unable to obtain measurements. 
Photoinhibition of primary production at the surface can also mean that chlorophyll values are not 
representative (see Doblin et al., this issue). For these reasons, there is a clear requirement for 
further measurements of gross primary production and the factors responsible for its control in the 
Southern Ocean in order to gain a better interpretation of satellite observations. Interestingly, 
Mongin et al. (this issue) showed using satellite data that chlorophyll in the vicinity of P3 increased 
by 20% two weeks after the region was sampled, yet production measurements in this study showed 
that the cells were starting to senesce. The study of Mongin et al. (this issue) was based on averages 
over 1° x 1° (60 nm x 60 nm) grids which do not identify mesoscale features and it was noted that 
there was high variability in chlorophyll in the P3 region due to sampling in both anticyclonic and 
cyclonic eddies, as well as in a low-chlorophyll trough between. The P3 stations that were sampled 
for gross primary production in the SAZ (CTDs 77 and 83, Fig. 1 and 8) were approximately 0.5° 
(30 nm) south of CTD 91 within the STZ where highest production rates were measured. An 
average over this region would therefore mask large differences. Subsequent increases in 
chlorophyll at P3 may have been related to high production rates in the CTD 91 region. 

4.6 Conclusions 
Gross primary production rates in the SAZ during austral summer were similar to the south-east and 
south-west of Tasmania, despite higher iron availability (Bowie et al., 2009) and chlorophyll (de 
Salas et al., this issue) to the south-east. The onset of cell senescence in phytoplankton populations 
to the south-east prevented a true comparison with the south-west which was sampled three weeks 
earlier. Phytoplankton populations to the south-west were very healthy and combined with high 
light availability this allowed higher production despite lower biomass. The same seasonal effect 
was not seen in the STZ (CTD 91, 45oS) where highest gross primary production and highest 
column chlorophyll values were measured, despite a similar sampling time to the south-east SAZ. 
High production in the STZ was likely to be related to higher iron availability associated with the 
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East Australian Current (Bowie et al., 2009). Primary production in the PFZ was lower than the 
SAZ and STZ zones, though not significantly. Low production at the deep chlorophyll maximum 
(DCM = 75 m) was due to significant light limitation given that the cells were at the 1% PAR 
euphotic depth. However, cells within the mixed layer were very healthy and it is likely that DCM 
and surface populations were distinct. Higher gross primary production rates in the SAZ compared 
to the PFZ support the suggestion that the SAZ is a more effective region for CO2 uptake (Metzl et 
al., 1999; McNeil et al., 2001; Sabine et al., 2004). However, the fate of fixed carbon to the deep 
ocean is variable both within the SAZ, and between the SAZ and PFZ zones (Cavagna et al., this 
issue; Jacquet et al., this issue a,b). 
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Fig. 1: Cruise track of RSV Aurora Australis and oceanographic features during the SAZ-SENSE 
survey in 2007. Conductivity-Temperature-Depth (CTD) stations where primary production 
incubations were conducted are marked as dots with station numbers, and depth contour lines 
marked at 1000 m intervals. The Sub-Tropical Front (STF), Sub-Antarctic Front (SAF, north N and 
south S) and northern branch of the Polar Front (PF-N) are indicated. These fronts interleave the 
Sub-Tropical (STZ), Sub-Antarctic (SAZ, north N and south S), Polar Frontal (PFZ), and Inter-
Polar Frontal (IPFZ) zones, respectively. Stylised arrows show the East Australian Current (EAC) 
and associated eddies, the Leeuwin Current (LC), and a westward flow to the south of Tasmania 
(W). 
 
Fig. 2: Temperature-salinity (T-S) plots of data down to 500 m depth for all CTD stations where 
primary production incubations were conducted. Stations were classified into oceanographic zones 
according to their T-S characteristics. 
 
Fig. 3: Daily irradiance with depth at each CTD station (numbered). Triangles indicate the euphotic 
depth (Zeu) and circles the mixed depth (Zm). Frontal regions are indicated with dashed lines. P1 = 
CTDs 10, 12, 18; P2 = CTDs 39, 48; P3 = CTDs 77, 83. Contour lines indicate 5 mol m-2 d-1 
intervals.
 
Fig. 4: Gross primary production with depth at each CTD station (numbered). Triangles indicate the 
euphotic depth (Zeu) and circles the mixed depth (Zm). Frontal regions are indicated with dashed 
lines. P1 = CTDs 10, 12, 18; P2 = CTDs 39, 48; P3 = CTDs 77, 83. Contour lines indicate 5 mg C 
m-3 d-1 intervals. 
 
Fig. 5: Chlorophyll a with depth (converted from fluorescence data, see text) at each CTD station 
(numbered). Triangles indicate the euphotic depth (Zeu) and circles the mixed depth (Zm). Frontal 
regions are indicated with dashed lines. P1 = CTDs 10, 12, 18; P2 = CTDs 39, 48; P3 = CTDs 77, 
83. Contour lines indicate 0.3 mg m-3 intervals. 
 
Fig. 6: Assimilation numbers with depth at each CTD station (numbered). Triangles indicate the 
euphotic depth (Zeu) and circles the mixed depth (Zm). Frontal regions are indicated with dashed 
 29
lines. P1 = CTDs 10, 12, 18; P2 = CTDs 39, 48; P3 = CTDs 77, 83. Contour lines indicate 10 mg C 
mg chl a-1 d-1 intervals. 
 
Fig. 7: Depth profiles of primary production (mg C m-3 d-1), chlorophyll (mg m-3) and assimilation 
numbers (mg C mg chl a-1 d-1) at P1, P2 and P3.  
 
Fig. 8: Column-integrated (0 to 150 m) gross primary production within the SAZ-Sense survey 
area. Depth contour lines marked at 1000 m intervals. The Sub-Tropical Front (STF), Sub-Antarctic 
Front (SAF, north N and south S) and northern branch of the Polar Front (PF-N) are indicated. 
These fronts interleave the Sub-Tropical (STZ), Sub-Antarctic (SAZ, north N and south S), Polar 
Frontal (PFZ), and Inter-Polar Frontal (IPFZ) zones, respectively. Process Stations 1, 2 and 3 are 
circled. 
 
Table 1: Gross primary production at each CTD station and associated data; Mixed layer depth (Zm, 
m), incoming PAR (mol m-2 d-1), vertical light attenuation (Kd, m-1), euphotic depth (Zeu, m), 
differences between euphotic depth and mixed layer depth (Zeu-Zm, m), column-integrated 
chlorophyll a (0 to 150 m, mg m-2), column-integrated production (0 to 150 m, mg C m-2 d-1), 
production within the mixed layer (mg C m-2 d-1), production below the mixed layer (mg C m-2 d-1), 
production within the euphotic zone (1% PAR, mg C m-2 d-1), production below the euphotic zone 
(mg C m-2 d-1). Kd values that were calculated from chlorophyll a v PAR regressions are marked 
with an asterisk. At some stations there was a surface mixed layer as well as a secondary mixed 
layer and both depths are indicated. 
 
Table 2: Photosynthetic attributes of phytoplankton with depth at each CTD station; Mixed layer 
depth (m), euphotic depth (Zeu, m), maximum photosynthetic rate [Pmax, mg C (mg chl a)-1 h-1], 
maximum photosynthetic rate corrected for photoinhibition [Pmaxb, mg C (mg chl a)-1 h-1], initial 
slope of the light-limited section of the P-I curve [, mg C (mg chl a)-1 h-1 (μmol m-2 s-1)-1], rate of 
photoinhibition [, mg C (mg chl a)-1 h-1 (μmol m-2 s-1)-1], intercept of the P-I curve with the carbon 
uptake axis [c, mg C (mg chl a)-1 h-1], light intensity at which carbon-uptake became saturated (Ek, 
μmol m-2 s-1), and chlorophyll a measured using HPLC (mg m-3).
 
Table 3: Comparison of photosynthetic parameters (averaged) within the mixed layer between 
Process Stations; Zm (mixed layer depth, m), Ek (light intensity at which carbon-uptake becomes 
 30
saturated, μmol m-2 s-1), Pmax (maximum photosynthetic rate, mg C (mg chl a)-1 h-1), and  (initial 
slope of the light-limited section of the P-I curve, mg C (mg chl a)-1 h-1 (μmol m-2 s-1)-1). 
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